lEARNING OBJECTIVES
After reading this article and taking the test, the reader will be able to:
Describe the infor-■ mation required by referring clinicians before placement of thoracic aortic stent-grafts.
Discuss the impor-■ tant multidetector CT findings after stent-graft placement in the thoracic aorta.
List the potential ■ complications of stent-graft placement in the thoracic aorta.
Introduction
Abnormalities of the thoracic aorta are conventionally treated with open surgical repair. This invasive procedure has significant recovery time and risk of severe complications. The affected population is often elderly patients with multiple concurrent diseases that increase morbidity and mortality. The mortality rate is 7%-12% in elective cases and up to 40% in emergent situations (1) . With the development of minimally invasive surgical techniques, endovascular stent-graft placement has become an accepted and widely used alternative to traditional surgical repair of abdominal aortic disease and is gaining acceptance as treatment for thoracic aortic disease. Endovascular stent-graft placement uses percutaneous interventional methods requiring only a small puncture to the groin, rather than more invasive surgical techniques necessitating cardiopulmonary bypass, median sternotomy, and thoracotomy. Eliminating more invasive surgical procedures potentially decreases mortality and morbidity and improves recovery time (2) (3) (4) . Now, the same principles and techniques used for stent-graft placement in the abdominal aorta are being applied to select, limited cases of thoracic aortic disease. Thoracic aortic stentgraft placement has been primarily employed in patients who are poor surgical candidates or who refuse traditional surgical repair. Common thoracic aortic pathologic conditions amenable to stent placement include aortic aneurysm, aortic rupture, pseudoaneurysm, penetrating ulcer, congenital abnormalities, and dissection.
In this article, we discuss which patients are potential candidates for thoracic aortic stent-graft placement and demonstrate how multidetector computed tomography (CT) with two-dimensional (2D) multiplanar reformation (MPR) and three-dimensional (3D) rendering is relevant in preoperative imaging and postoperative assessment of thoracic aortic stent-grafts. Specific topics discussed are multidetector CT technique, pathologic conditions amenable to endovascular stent placement, assessment before stent placement, stent placement and outcomes, and followup after stent placement. A select subset of cases of thoracic aortic disease treated with stent placement is presented, including successful outcomes and complications.
Multidetector CT Technique
To acquire patient data, scanning is performed with a multidetector CT scanner (Sensation 64; Siemens Medical Solutions, Malvern, Pa). We routinely inject intravenous contrast material at a rate of 3-4 mL/sec and use a delay of approximately 20-25 seconds and single-breath-hold acquisition. We prefer to gate these studies and use either bolus tracking or a test bolus technique. Gating is ideal for the aortic root to decrease motion artifact. A saline solution "chaser" is helpful for the aortic arch to eliminate artifact off the superior vena cava. We use the thinnest collimation possible, which on our scanner is 0.6 mm, and we can reconstruct 0.75-mm sections at 0.5-mm intervals. We are then able to create CT angiograms of the aorta to display pathologic conditions and relationships to relevant anatomy.
Multidetector CT produces high-quality, volumetric data sets. Isotropic data sets have equal resolution in all planes, yielding exceptional multiplanar and 3D renderings. As a result, the volumetric data set can be reformatted or rendered in the optimal viewing orientation for location or orientation (Fig 1) . Once generated, all images are sent to the workstation for postprocessing. We use InSpace software on a Leonardo workstation (Siemens Medical Solutions). Using interactive rendering, we look at a series of images through a wide range of displays, which include coronal, sagittal, and oblique 2D multiplanar views as well as real-time 3D imaging with volume rendering (Fig 2) and maximum intensity projection.
Pathologic Conditions Amenable to Endovascular Stent Placement
Penetrating ulcers are associated with atherosclerotic disease. They develop from erosion of atheromatous plaques penetrating the internal elastic lamina and are associated with intramural
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Bean et al 1837 Figure 1 . Aortic rupture in a 32-year-old man who sustained multiple gunshot wounds to the chest. Superior-anterior (a) and coronal (b) 3D volume-rendered images from contrast-enhanced CT show a focus of active arterial extravasation (arrow) between the left vertebral artery and left subclavian artery; the extravasation is due to aortic rupture. These projections allow further characterization of the extravasation site from any angle and display its relationship to the adjacent great vessels. Note the bovine aortic arch. The patient was treated with stent placement. An intramural hematoma is produced by rupture of the vasa vasorum, resulting in hemorrhage into the aortic wall in the absence of an intimal tear. Patients often present with chest pain or intrascapular back pain (7) . At nonenhanced CT, the intramural hematoma appears as a region of increased attenuation in the aortic wall and may displace intimal calcification medially (Figs 4, 5) . The course is variable; although some cases resolve spontaneously, others progress to aneurysm, pseudoaneurysm, dissection, or rupture. hematoma 80% of the time. The ulcers may result in aneurysm or pseudoaneurysm formation, dissection, and rupture (5, 6) (Fig 3) . The risk of rupture increases with increasing size of the aorta at the level of ulceration. At CT, ulcers appear as contrast material-filled craters that communicate with the aortic lumen. Patients with atherosclerotic disease and ulcers often have other comorbidities such as hypertension, prior myocardial infarcts, or coronary artery disease, thus increasing surgical risk, and are often better candidates for endovascular stent-graft repair. Aortic dissection results from a tear in the intimal portion of the aortic wall, allowing blood to flow between the layers and thus creating a flap between two lumina (Fig 6) . Dissection is most commonly associated with hypertension, vasculitis, and trauma. The classic CT appearance is of two lumina (true and false) separated by a flap. The intimal flap is visible in approximately 70% of cases (8) . Secondary findings include medial displacement of intimal calcifications and widening of the aorta.
Aneurysms of the thoracic aorta are often the result of atherosclerotic vascular disease (9) . Other causes include cystic medial necrosis (Marfan syndrome), aortic dissection, trauma, hypertension, and aortitis. True aortic aneurysms involve weakening of all layers of the aortic wall (Figs 7, 8) . False aneurysms or pseudoaneurysms have a normal wall except for a focal region of weakening or perforation, where blood escapes but is contained by the adventitia or perivascular connective tissue and an organized blood clot. Normally, aortic diameter is greatest at the root and gradually decreases. The ascending aorta is considered aneurysmal at 4 cm, whereas the descending thoracic aorta is aneurysmal at 3 cm.
Acute traumatic aortic injury most commonly results from acute deceleration injury, although it also occurs with penetrating trauma such as a stabbing or gunshot wound (Fig 9) . Eighty-five percent of patients die before reaching the hospital (10) . Key CT features of aortic injury are active extravasation of contrast material or rupture and hematoma. Patients who survive without . Aortic rupture in a 32-year-old man who sustained multiple gunshot wounds to the chest (same patient as in Fig 1). (a-c) Axial images obtained through the aortic arch (a obtained at a higher level than b) and coronal maximum intensity projection image (c) from contrast-enhanced CT show a focus of active arterial extravasation (arrow) between the left vertebral artery and left subclavian artery. There is a bullet fragment (arrowhead in c) adjacent to the aortic arch and significant mediastinal hematoma. Note the bovine aortic arch. Angiographic findings confirmed rupture of the aortic arch between the left vertebral and subclavian arteries. The rupture was treated by means of coverage with an endovascular stent, with excellent results. (d, e) Sagittal (d) and coronal (e) 3D volume-rendered images show the stent (arrow) in good position with no evidence of extravasation. The bullet (arrowhead in e) remains adjacent to the aortic arch. treatment may develop a chronic posttraumatic pseudoaneurysm (Fig 10) . With acute posttraumatic injury of the aorta, the patient's condition may be too unstable for open surgical repair; such patients may benefit from less invasive treatment with stent placement (11, 12) .
Aortic coarctation is narrowing of the aorta in the area where the ductus arteriosus inserts. Classically, patients present with right arm hypertension and normal to low pressure in the legs. Figure 10 . Chronic traumatic pseudoaneurysm in a 47-year-old man with a remote history of severe trauma 30 years earlier who developed intrascapular back pain. The back pain subsided a few days after onset; however, in the interim the patient underwent CT. Axial (a), axial color-coded 3D volume-rendered (b), and sagittal MPR (c) images from contrast-enhanced CT show a pseudoaneurysm (arrow) of the descending aorta just beyond the aortic arch. The pseudoaneurysm extends anteriorly and has a peripherally calcified rim, findings consistent with a chronic traumatic pseudoaneurysm. It was suspected that during a motor vehicle accident 30 years earlier, the patient sustained a mild aortic laceration. Given the remote history of trauma, conservative management was selected. Follow-up examinations revealed stability of the pseudoaneurysm.
Coronal CT nicely depicts the focal aortic narrowing, with axial measurement contributing to full evaluation. Often, there is poststenotic aortic dilatation. In long-standing or severe untreated coarctation, collaterals through the internal thoracic and subclavian arteries may develop.
Assessment before Stent Placement
The ability of multidetector CT to provide detailed evaluation in any plane or perspective with a single-scan acquisition is critical. This allows detection of thoracic aortic disease and assessment of aortic pathologic conditions in relationship to normal vessels. It is imperative to accurately describe the disease process and any branch vessel involvement. A coronal view is beneficial to assess if there is acute angulation of the aorta at the diaphragm; such angulation may hinder endovascular stent placement. This helps the referring physician determine if the disease is anatomically amenable to endovascular stentgraft placement.
Point Teaching
Providing specific, precise measurements of the extent of aortic pathologic conditions, including diameter and length, is essential for endovascular stent design and placement (Fig 11) . Factors to be considered are involvement of vital vasculature, including the great arch and mesenteric vessels, and distance of the pathologic condition from these structures.
Typically, 1 cm or more of normal aortic wall adjacent to the pathologic condition and not involving a major adjacent branch vessel is necessary for stent placement. Other criteria include 40-42-mm or smaller diameter of the proximal and distal aortic necks, 9-mm or larger diameter of the femoral or iliac arteries, and no severe aortoiliac tortuosity (4, 13, 14) . Approximately 10%-15% oversizing of stent-grafts is optimal to prevent stent migration and provide an optimal seal with the aortic wall (1).
Stent Placement and Outcomes
Thoracic aortic stent placement is performed by both interventional radiologists and vascular surgeons. The majority of the literature on thoracic aortic stent placement is written by vascular surgeons.
At our institution, thoracic aortic stents are typically placed by vascular surgeons while the patient is under general anesthesia. Our surgeons most often deliver stents from a transfemoral approach, using angiography to define the extent of the pathologic condition and determine the location to place the stent. Stents are deployed over the region of the pathologic condition to provide suitable fixation and sealing from aortic blood flow, as determined with preoperative CT and angiography performed during the procedure. Postoperative surveillance for development of endoleaks or aortic dilatation is performed with CT at 1, 6, and 12 months and every 12 months thereafter.
Indications for and experience with thoracic aortic endovascular stent-graft placement are evolving in the literature. As discussed by Svensson et al (15) , indications for thoracic aortic stent placement are not yet fully defined partly because of the lack of long-term follow-up data after stent placement. Currently, thoracic aortic stent placement is recommended by Svensson and colleagues (15) only when the risk of stent placement is lower than that of open surgical repair or medical management. To our knowledge, there Figure 11 . Thoracic aortic aneurysm in a 51-year-old woman. Measurements for stent placement are performed with contrast-enhanced CT data by using a range of techniques, including cross-sectional measurement (left) and curved planar reformation with center line measurement (right).
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is no large study of overall outcomes of thoracic aortic stent placement for all types of disease. Most of the literature contains results based on the particular pathologic condition being treated with stent-grafts.
For instance, the Gore TAG phase II trial provides data on stent-graft treatment of descending thoracic aortic aneurysms in a nonrandomized group of endograft patients, who were compared with 44 concurrent and 50 historical control patients treated with open surgical repair (15, 16) . In this study, 137 of 140 patients experienced successful implantation of the endograft. The perioperative mortality rate was significantly lower in the endograft patients (2.1%) than in the surgical control group (11.7%). In comparison with the conventional surgical group, endovascular stent-graft patients had a significantly lower prevalence of spinal cord ischemia (3% vs 14%), renal insufficiency (1% vs 13%), and respiratory failure (4% vs 20%). However, the endograft patients had a higher rate of peripheral vascular complications than the surgical control group (14% vs 4%). The mean length of hospital stay was shorter for endovascular graft patients (7.4 days vs 14.4 days).
The prevalence of endoleaks was 6% and 9% at 1-and 2-year follow-up, respectively. At 2 years, there were three reinterventions in the endograft group and none in the surgical control group. At 2 years, the survival rate was similar (78% for endovascular stents vs 76% for open repair). Long-term results beyond 5 years are not yet known (15, 16) . Given the risks of endoleaks and stent migration or failure, diligent ongoing surveillance of patients with stentgrafts is required.
Further short-and long-term studies are needed to assess the efficacy of endovascular grafts in relation to specific disease processes in the aorta.
Follow-up after Stent Placement
Postprocedure multidetector CT is mandatory to assess stent placement, efficacy, and complications. Important factors to document are location of the stent, stent patency, size of the aorta, thrombosis of disease outside the aortic lumen, and any complications. In particular, it is of utmost importance to document any increase or decrease in the size of the aorta, including the proximal and distal aortic necks (17) (18) (19) (20) .
Efficacy
Multidetector CT allows assessment of procedure efficacy by ensuring complete sealing of the pathologic condition, as evidenced by exclusion of flow from the offending lesion. In patients with aortic dissection, there should be no flow into the false lumen. With time, this lumen may become imperceptible in cases of acute dissection (21) . After stent placement, an aneurysm sac should also lack flow outside the confines of the stent and may eventually thrombose (Figs 8, 12-14) . sis or effusion, thickening of the aortic wall) were identified in 21 patients (33%). One patient with atelectasis required an endobronchial stent; however, this patient's bronchial compression was initially caused by the aneurysm being treated. Otherwise, subsequent imaging revealed that pleural effusions, atelectasis, and aortic or periaortic changes responded to conservative management or resolved (17) .
Endoleaks.-Endoleaks are defined as persistence of blood flow outside the lumen of the endoluminal graft but within an aneurysm sac or the adjacent vascular segment being treated with the graft (24) (Fig 16) . Endoleaks are essential to detect because they may lead to failure of the treatment and are potentially fatal because they allow continued flow into the region of disease. Nonenhanced and contrast-enhanced images are required to ensure that small regions of calcification are not misinterpreted as endoleaks (18, 25) .
Aneurysms may shrink with time, although they can remain unchanged in size. A traumatic rupture should be completely sealed by the endostent, as evidenced by lack of extravasation outside the aortic confines with interval resolution of any surrounding hematoma or blood. Patients with aortic coarctation should be evaluated to ensure lumen patency and assess for any evidence of restenosis (Fig 15) .
Complications
Searching for any complications of endostent treatment is also imperative. Potential complications of endovascular stents include endoleaks, stent migration, pseudoaneurysm formation, dissection, aortic perforation, kinking, thrombosis, and coverage of vital branch vessels with spinal cord ischemia (12, 22, 23) . In a CT investigation of 63 patients who underwent stent placement in the descending thoracic aorta, Sakai et al (17) reported that 13 patients (21%) had perigraft leaks and one patient (2%) developed aortic dissection. Postprocedure CT also revealed that pleural effusion increased in size in 46 patients (73%), atelectasis was present in six patients (10%), and perioaortic or aortic changes (periaortic atelecta- tion, malpositioning or stent migration may result in inadvertent coverage of an important branch vessel (often the left subclavian artery or celiac artery) (Fig 17) . Comparison examinations are beneficial to detect subtle stent migration.
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Occlusion of the left subclavian artery origin by the stent (Fig 17) can result in upper extremity ischemia or cerebral symptoms due to vertebrobasilar insufficiency (27) . A recent retrospective study by Riesenman et al (27) evaluated the prevalence and clinical outcomes of subclavian artery coverage by thoracic stentgrafts. The left subclavian artery origin was covered partially or completely in 28 of 112 cases (25%). Antegrade left subclavian artery flow was terminated without revascularization in 19 of the 28 patients (68%), and subclavian artery thrombosis occurred in one patient with partial coverage. However, most of these patients (15 of 19) (79%) were asymptomatic, and upper extremity symptoms necessitated intervention in only one patient. The authors discuss the importance of pre-stent placement imaging of the intra-and extracranial carotid and vertebral vasculature to Leaks can occur in the immediate postoperative period or develop as a late complication detected at follow-up. Given the ongoing degenerative nature of atherosclerosis, natural progression of the disease process can contribute to further dilatation of the aorta, producing late endoleaks (26) . Leakage can occur at either end of the stent attachment site (type IA proximal, type IB distal); through a collateral vessel into the aneurysm sac but outside the stent (type II); or through a hole in the stent caused by failure of a portion of the stent (type III). Type IV endoleaks are a diagnosis of exclusion and are thought to be caused by graft wall porosity (24) . Endoleaks can occur in any patient, although patients with complex anatomy and short angulated aneurysm necks are more prone to type I endoleaks owing to the greater difficulty of achieving a full seal with the stent.
Stent Malposition or Migration.-A malpositioned stent or one that has migrated is also important to detect. Malpositioning often results from elevated blood pressure during stent deployment. This can also happen when the stent is being placed across an angulated segment. In either instance, the primary pathologic condition may no longer be appropriately treated. In addi- identify those patients who require preprocedure subclavian artery revascularization. This study also found that partial subclavian artery coverage may be associated with development of type IA endoleaks (27) .
Pseudoaneurysm or Dissection.-Patients may have an appropriately placed stent; however, given the fragility of the aortic wall, they can develop a pseudoaneurysm at either end of the endostent. In addition, even though stents are used to treat dissection, they can also produce dissection of the surrounding vessel for similar reasons (Fig 18) .
Aortic Perforation.-Aortic perforation can occur at the time of stent-graft placement or as a later complication due to erosion of the aortic wall by the struts of the stent-graft. Perforation is evidenced at CT as a rapidly enlarging hematoma or hemothorax. Perforation can also result in fistula formation. 
Conclusions
There is increasing use of endovascular stents to treat thoracic aortic disease, and multidetector CT with 2D reformation and 3D rendering plays an essential role in the imaging of these patients. It is important for the radiologist not only to detect the pathologic condition but to provide the referring clinician with the necessary pre-and post-stent placement information to determine appropriate clinical care. This is your reprint order form or pro forma invoice 
